INTRODUCTION 66
Angiogenesis is the sprouting of new blood vessels from pre-existing 67 vasculature, and it is crucial during development, pregnancy, wound healing, and 68 tumorigenesis [1-3]. Endothelial cells (EC) form new sprouts that then extend, 69 lumenize, and connect with other sprouts and vessels to provide new conduits for blood 70 flow and create a functional vascular network. This process requires dynamic 71 rearrangement of endothelial cell-cell junctions and establishment of apical-basal 72 polarity, such that the apical surface of EC faces the vessel lumen and the basal 73 surface faces the tissue [4] [5] [6] [7] [8] . Lumen formation closely follows sprout formation and 74 extension temporally, and many sprout tips have two or more EC that are polarized in 75 the apical-basal axis [9] . However, it is not known how centrosome number contributes 76 to this process. 77
78
As tumors grow, hypoxia leads to elevated levels of pro-angiogenic factors such 79 as vascular endothelial growth factor (VEGF-A) that promote neo-angiogenesis to 80 vascularize the tumor. However, the blood vessels surrounding these tumors are often 81 leaky, tortuous, and not properly lumenized [10] [11] [12] , suggesting defects in EC junctions 82 and polarity. Interestingly, tumor vessels are also characterized by EC with excess 83 centrosomes [13, 14] . High VEGF-A signaling in EC results in centrosome 84 overduplication, which affects interphase cells by increasing invasiveness, elevating 85 microtubule (MT) nucleations, changing aspects of polarity and migration, and altering 86 signaling dynamics [13, [15] [16] [17] . However, it is unclear how excess centrosomes impact 87 cell-cell interactions and lumenogenesis, which require proper cytoskeletal dynamics 88 [18, 19] . 89 90 Cadherins form cell-cell adherens junctions that link to the actin cytoskeleton and 91 restrict the apical vs. basolateral domains in epithelial cells [20, 21] . In EC, VE-cadherin 92 is the primary component of the vascular adherens junction and is required for 93 localization of apical markers during lumen formation in zebrafish intersegmental 94 vessels (ISVs) [7] . Depletion of VE-cadherin is embryonically lethal in zebrafish and 95 mice due to severe vascular defects, including a lack of vascular lumens [22, 23] . The 96 centrosome acts as a major microtubule organizing center and determinant of cell 97 polarity [24, 25] . As EC sprout and lumenize, they are not columnar, but flattened in the 98 apical-basal plane. Although more filamentous actin appears on the apical side of EC 99
[26-28], the topology of the centrosome is not well-defined, and the effects of 100 centrosome perturbation on apical-basal polarity have not been investigated. 101
102
Here, we show for the first time that excess centrosomes prevent the proper 103 polarization of interacting EC. Excess centrosomes resulted in EC with destabilized 104 adherens junctions and narrow and closed vascular lumens both in vitro and in vivo. 105
These findings reveal a novel role for the centrosome in EC apical-basal polarity, and in 106 junction and lumen formation, and suggest how excess centrosomes in the vasculature 107 may contribute to poor perfusion in tumor vessels.
RESULTS 109

Excess centrosomes perturb polarization of junctionally linked EC 110
We previously showed that excess centrosomes interfere with repolarization 111 along the forward-rearward axis in sprouting EC [15] , and thus we hypothesized that 112 supernumerary centrosomes disrupt multiple EC polarity axes. We examined the 113 polarity between EC sharing junctions using an inducible system to overexpress polo-114 like kinase 4 (Plk4) in human umbilical vein endothelial cells (HUVEC) (Fig. 1a ). Plk4 115 regulates centriole duplication, and its overexpression downstream of a TRE (tet-116 responsive element) upon addition of doxycycline (DOX) results in supernumerary 117 centrosomes [13, 15, 29, 30] . HUVEC were seeded onto H-shaped micropatterns that 118 allow for polarity assessment between two EC that form a cell-cell junction. Polarity was 119 defined based on centrosome position relative to the nucleus and cell-cell junction, with 120 a "proximal" position being near the cell-cell junction, a "central" position in the nuclear 121 region, and a "distal" position between the nucleus and the cell periphery ( Fig. 1b) . EC 122 with a normal centrosome number (1-2) typically had a distal centrosome polarity ( Fig.  123 1c-d). In contrast, EC with excess centrosomes (>2) showed a significant increase in 124 centrosome proximal polarity, indicating that centrosome number affects EC polarization 125 relative to cell-cell junctions ( Fig. 1c-d) . Interestingly, when two EC with normal 126 centrosome number (N:N) formed a junction, both cells usually had centrosomes in the 127 distal position, which we termed "normal" polarity ( Fig. 1e ). All other polarity 128 combinations were deemed abnormal. When both EC forming a junction had excess 129 centrosomes (O:O), polarity was randomized between normal and abnormal ( Fig. 1e) . (N:O) ( Fig. 2a-a" ). We found that junctions with contributions from EC with normal 148 centrosome numbers had more linear and stable junctions, while junctions with 149 contributions from EC with excess centrosomes formed more chaotic and disrupted 150 junctions ( Fig. 2b-b ", c-c"). These chaotic junctions had an increase in the total area of 151 VE-cadherin (Fig. 2d) , and line scans across the junctions revealed a more dispersed 152 VE-cadherin distribution when one or both EC had excess centrosomes ( Fig. 2e ).
Overall, these findings indicate that EC with excess centrosomes do not maintain proper 154 endothelial cell-cell adherens junctions. 155
156
EC with excess centrosomes have abnormal lumens 157
We hypothesized that the disrupted polarity seen between EC with 158 supernumerary centrosomes had physiological consequences. To examine apical-159 basal polarity in EC, we used a 3D sprouting angiogenesis assay in which lumenized 160 sprouts form that appropriately polarize in the apical-basal axis [9,33]. We analyzed 161 sprouts formed from DOX-treated tet-Plk4 HUVEC expressing centrin::eGFP and 162 stained for Moesin1 as an apical marker ( Fig. 3a-b ) and found that EC with normal 163 centrosome numbers (1-2) typically had apically positioned centrosomes, while EC with 164 excess centrosomes (>2) had randomized centrosome polarity in the apical-basal axis 165 ( Fig. 3b-c) . In addition, EC with excess centrosomes were more likely to have punctate 166 Moesin1, basal Moesin1, or unpolarized abnormal Moesin1 staining patterns compared 167 to normal linear and apical patterns (Fig. 3b, d) , indicative of polarity defects. 168
169
Since both apical-basal polarity and proper junction formation are important for 170 lumen formation [4-8], we hypothesized that excess centrosomes in EC perturb vessel 171 lumenogenesis. To normalize for overall vessel structure, we measured the width of the 172 vessel lumen relative to the total vessel width. We found that EC with excess 173 centrosomes had narrower lumens compared to EC with normal centrosome numbers 174 in 3D sprouts (Fig 3b, e) 
Overexpression of Plk4 in zebrafish results in fewer lumenized vessels 180
To determine if centrosome number affects lumen formation in vivo, we fused a 181 p2a-loxP-mCherry-STOP-loxP-Plk4 transgene to the 3' end of the endogenous kdrl 182 gene for vascular-selective expression of Plk4 after loxP site excision (Fig. 4a ). Adult 183 fish were then crossed to a Tg(fli:centrin-GFP) line, which allowed for visualization of 184 EC centrosomes. F1 embryos were injected with Cre mRNA and Plk4 overexpression 185 was determined by loss of the mCherry signal. Fish with Plk4 overexpression had an 186 increase in the percentage of EC with >2 centrosomes (Fig. 4b-c ). To determine if 187 overexpression of Plk4 affected lumenogenesis, we performed microangiography at 72 188 hpf by injecting fluorescent microcarrier beads into the fish vasculature and examining 189 the intersegmental vessels (ISVs) for patency. Embryos with Plk4 overexpression had 190 fewer perfused ISVs compared to wild type controls or fish lacking Cre (Fig. 4d-e) . 
